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Abstract Syngas generation refers to the production of a synthetic or synthesis 
gas that is mainly composed of CO and H 2 , in different proportions according to 
the generation process used and the raw material composition. Gasification is the 
referred technique to produce syngas. It can be used for different purposes, such as 
power and/or heat generation or for chemicals and fuels production. This chapter 
describes, we comment the generalities of syngas and its main characteristics and 
properties, also discuss its possible sources and focus on biomass waste and its co¬ 
gasification with coal and petcoke. Then, gasification modelling most common 
approaches are mentioned. A thermochemical equilibrium model is presented here 
as the model used for gasification plant conceptual design. Through sensitivity 
analysis technique, the effects of the reactor temperature and pressure are seen in 
syngas composition. This chapter enumerates the major hypothesis assumed in this 
syngas generation step, which must be inevitably applied in modelling and opti¬ 
mizing the entire gasification plant. 


Notation 


ASU 

Air separation unit 

CC 

Combined cycle 

CGE 

Cold gas efficiency 

EOS 

Equation of state 

ER 

Equivalence ratio 

FT 

Fischer-Tropsch process 

GT 

Gas turbine 
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HHV Higher heating value 

HP High pressure 

HRSG Heat recovery steam generator 

IGCC Integrated gasification combined cycle 

IP Intermediate pressure 

LHV Lower heating value 

P gasif Pressure of gasification 

PRENFLO Pressurized entrained flow gasifier 

PSD Particle size distribution 

SA Sensitivity analysis 

SG Solid-gas 

ST Steam turbine 

T gasif Temperature of gasification 

WHB Waste heat boiler 


1 Introduction 

Synthesis gas or producer gas (syngas) is a mixture of H 2 and CO, with different 
proportions of CH 4 and C0 2 . Flexibility is one of its main characteristics, because 
it is not restricted to a single source of fuel; but it can be obtained from natural gas, 
coal, petroleum refinery fractions, biomass and organic wastes. Traditionally, 
natural gas and petroleum fractions have been the largest syngas sources world¬ 
wide because of the trade-off between costs and availability; however, because of 
global economic, energetic and environmental contexts, coal and biomass/waste 
are of growing interest and use. Syngas is the worldwide most used source of H 2 
and CO. The proportion of hydrogen and carbon monoxide depends on the source 
and the syngas generation process [1]. Further details of the syngas use processes 
are given in chapter “Main Purification Operations”. 

Two main routes are currently available for syngas generation; both are tra¬ 
ditionally and highly used for hydrogen generation from fossil fuels, specifically 
natural gas and coal. Syngas from natural gas mainly refers to partial oxidation 
with oxygen, oxidation with steam or oxidation with steam and oxygen; being the 
principal steam reforming. Syngas from coal involves gasification. From these two 
possible ways, a second process is used for the hydrogen generation; the so-called 
water-gas shift (WGS) reaction, where the conversion of CO into C0 2 takes place. 

Gasification can be defined as the partial combustion of organic matter, with 
oxygen, air and/or steam as gasifying agents , thus less oxygen is used than that 
required for the raw material complete combustion. Steam is used as the customary 
temperature moderator; but we can also find the C0 2 and N 2 in this role. The usual 
gasification process refers to solid organic matter as feedstock, where gas-solid 
and gas phase reactions take place. Nevertheless, several applications demonstrate 
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• Coal 

• Coke 

• Petcoke 

• Biomass —> mainly vegetable biomass, from 
specific crops or wastes 


GASIFICATION 


• Refinery residues (liquid and gas) 

• Black liquor from paper industry 

• Orimulsion (bitumen-water mixture from petroleum) 

• Tar sands residues (deposits of heavy hydrocarbons 

not reachable by pumping) .-\ PARTIAL 

• Liquid organic residues, from petrochemical industry, I_ 7 OXIDATION 

such as oxo-alcohols production 

• Tars from coal gasification 

• Used lubricating oil 

• Liquid wastes -> organic chemical wastes or used oils 

• Gas from Fischer-Trops process 

• Coke oven gas 


STEAM 

REFORMING 



Fig. 1 Syngas generation pathways, contemplating the mixture of coal, petcoke and solid 
biomass wastes, to produce electricity and hydrogen in this specific case 

that the concept of gasification is also applicable to liquid and gas feedstocks, 
being referred therefore as a ‘partial oxidation’ [2]. In this book, we consider the 
gasification process referred to solid feedstock. In Fig. 1, a summary of the pos¬ 
sible pathways to obtain syngas is shown, and the pathway of concern in this work 
is specified in bold; as solids, coal, coke and petcoke (wastes from the refinery 
industry) are traditionally and widely used materials, whereas biomass and other 
wastes are nowadays being considered with more interest. It is worth mentioning 
that when we talk about biomass gasification, we are referring to vegetable bio¬ 
mass gasification, which is the most extended practice. Nonetheless, as declared in 
chapter “Examples of Industrial Applications”, animal biomass can be also gas¬ 
ified with encouraging results. It is appreciated in Fig. 1 that all organic matter, 
even waste from a main process, are susceptible to be used in a partial oxidation 
process to produce syngas. 1 


2 Gasification: Principles 


In this section, the most relevant gasification issues for process design are revised: 
reactor and feedstock types and characteristics. Concerning feedstock types, we 
are focused on the feedstock used in the case studies of this book. 

A general gasification picture is given in [3], which provides gasification data 
for year 2007, revealing that the global marketplace has coal as dominant feed¬ 
stock and that Sasol Lurgi, GE energy and Shell are the main gasifier providers. 


1 In this book, solid wastes from vegetable sources, forestry or agricultural wastes are of 
concern, as described in chapter “Raw Materials, Selection, Preparation and Characterisation”. 
From now, when we speak about biomass, biomass waste or simply waste, we are referring to 
these forest or agricultural wastes, treated in this book. 
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It is important to mention that China is developing its own technology, as the 
current project Tianjin IGCC power plant exemplifies. Gasification plants are now 
operating in more than 27 countries, leading Asia/Australia region, because of the 
rapid growth of China. The preferred products are mainly chemicals production 
(such as fertilizers) followed by Fischer-Trops (FT) liquids, power and gaseous 
fuels, that will be further discussed in the next chapter. 


2.1 Gasifier Types 


The gasification is carried out in three types of gasifiers that differ from each other 
by the type of bed that consists of the raw material itself: moving bed or fixed bed, 
fluidised bed and entrained bed gasifiers. Only a few processes do not fit into these 
three categories, namely, in situ gasification of coal (underground gasification), 
molten iron bath gasification, plasma gasification or hydrogasification, as descri¬ 
bed in Highman and van der Burght [2]. 

Moving bed or fixed bed gasifier is the most widely used gasifier, and is the one 
that allows the feeding of the largest particle sizes. In these reactors, the bed moves 
downwards as the feedstock is consumed, and the residence time can be in the 
order of hours. The feedstock is introduced at the top of the reactor; and gasifying 
agents can be introduced at the bottom (counter-current configuration or updraft) 
or also at the top (co-current or downdraft). Oxidant requirements are low, and 
gasification temperature is also relatively low if compared with the other types of 
beds. The main drawbacks of these types of beds are their production of tars (see 
Sect. 2.2.1), their temperature profiles that do not allow for a considerable ash 
slagging phenomena , 2 which results in high amount of fines (fly-ash), and the large 
quantity of pyrolysis products (mainly CH 4 ). Looking at the temperature profile 
along the bed, a peak temperature can be observed in the combustion zone. 
Nevertheless, it is stated by Reed and Das [4] that the downdraft configuration 
might achieve higher conversion rates with relatively low tar formation; thus, it is 
the most widely applied configuration for power generation. This type of bed is not 
suitable for large-scale syngas production, because of its scale-up problems caused 
by agglomeration. Agglomeration avoids obtaining a good bed because of pene¬ 
tration and mixing problems for the gasifying agent. Nowadays, it is the most 
widely used gasifier for biomass gasification, particularly for rural potential profit 
and thus, suitable for rural development. Specifically, India countries are well 
positioned using and extending this technology when paying special attention to 
the supply chain management of the small-scale bioenergy chain, in an analogous 
way to the features described in chapter “Raw Materials Supply” [5]. We can find 
both batch and continuous moving bed gasifiers in the market, even if the batch 
mode is the most usual one. 


2 


Ash slagging is important given that it prevents the formation of fly-ash. 
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Fluidised bed gasifier is based on the principle of fluidisation of the solid 
particles inside the reactor. When fluidisation occurs, particles and the mixture of 
gasifying agent, moderator and other recirculation flow velocities are the same, 
thus, driving the particles to a state of levitation. Consequently, this type of bed 
offers a good mixing between feedstock and gasifying agent, therefore, allowing 
better heat and mass transfer between gas and solid phases. As a consequence, it 
approaches the behaviour of an ideal continuously stirred tank reactor (CSTR). 
This fluidisation phenomenon allows for a stable temperature along the bed. In this 
case, and differently from what occurs in the previous bed, where the temperature 
is limited by the bed itself moving downwards as being consumed, the temperature 
must be controlled to avoid ash slagging, because it would disturb the fluidisation 
phenomena [2]. As a result of the temperature limitation, the solid conversion is 
restricted. As the particles become lighter because of the conversion rate, it is very 
common to entrain them out of the reactor. That is the reason why this type of beds 
has a recirculation stream. The residence time is in the order of seconds to minutes. 
This type of beds is well extended too for biomass gasification, as well as for coal. 

Entrained bed gasifier profits the particles property of entrainment with oxidant 
and moderator flows, in co-current way. The residence time is the shortest one, being 
in order of several seconds. Particle size is the most restrictive one, because particles 
should acquire the level of microns to be transported in the gas phase. To assure the 
highest solid conversion, temperatures should be higher if compared with the other 
two types of beds. As high temperatures are achieved, this reactor is in slagging 
mode. The highest oxygen demand as well as the highest solid conversion are 
obtained here. As the slag should be liquid enough not to block the gasifier, and 
because of the different types of feeds, it is usual to use an additive, such as limestone, 
to lower the ash melting point till an appropriate operating gasification temperature. 
Consequently, in this type of beds, it is assumed that the solid is completely converted 
and that no tar is produced, when gasifying biomass, because ‘all’ inorganic matter is 
susceptible to be converted into slag, and due to the high temperature reached, tars 
destruction is assured by thermal cracking [2, 6] . Integrated gasification combined 
cycle power plants (IGCC) usually use entrained bed gasifiers. 

Even if the gasification mechanism itself is the same in each type of reactor (see 
Sect. 3), a typical syngas composition can be suited for each type of gasifier by 
means of their most common conditions of pressure and temperature. Note that in 
Table 1, apart from these characteristics, particle size and other important features 
are summed up. Note also that these table values are tentative and only serve as a 
general overview. Any type of bed can work at high or at low pressure, and they 
can be fed by different feedstock sources, and use by different gasifying agents. In 
summary, the syngas composition on a dry mole basis ranges from 15 to 21% for 
H 2 and from 18 to 60% for CO. At the end, the choice of the gasifier type and its 
working conditions depends on the feed material and the syngas final use. 

Downstream the gasifier, different processes can provide with electricity, heat, 
chemicals or liquid fuels. The gasifier pressure is usually given by the final 
application requirement. For instance, in a combined cycle (CC) final application, 
the gasifier pressure is given by the gas turbine pressure. The feedstock pressure is 
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Table 1 Comparison between the three types of gasifiers by their most typical characteristics 



Moving bed [2, 32-34] 

Fluidised bed [2] 

Entrained bed [2, 6] 

T (°C) 

400-875 

800-1,100 

1,250-1,600 

P (bar) 

1 

1 

25 

Particle size (mm) 

6-50 

6-10 

<0.1 

Moisture content (%) 

15-20 

10 

2 

Feedstock 

Wood 

Biomass 

Coal-petcoke 

Oxidant 

Air 

Air 

Oxygen 

Ash slagging 

No 

No 

Yes 

Carbon conversion (%) 

99 

97 

99 

Syngas (dry mol% ) 

- 

- 

- 

CO 

18 

31 

60 

H 2 

15 

18.9 

21 

co 2 

10 

6.7 

4 

ch 4 

1.5 

2.1 

0 


usually matched with the syngas application because a solid compression is less 
energy consuming than a gas compression. The temperature is always controlled 
by the melting point of the ashes. The effect of the pressure and the temperature is 
further discussed in the following Sect. 3. Other gasifier possibilities to consider 
include the moisture content of the feedstock, that is, a dry feed or a slurry feed. 
This last approach is beyond the scope of this chapter. 


2.2 Syngas Sources: Bioenergy Sector 

As already mentioned, coal, coke and petcoke are the most widely used materials. 
Biomass is nowadays attracting more attention. Biomass is considered as the 
renewable energy source with the highest potential to contribute to energy needs of 
modern society in developed and developing areas. According to [7], biomass is a 
very important source of energy especially in remote areas where centralised 
systems cannot arrive. Indeed, biomass is assumed to be a zero-emissions source, 
if disregarding the supply chain, where fossil fuels should be consumed [5]. If 
waste is of concern, no controversy appears in relation with the land use. For these 
three reasons, biomass waste, and even more, any type of organic waste (mainly 
produced in an urban area) are of concern when talking about renewable sources. 

The bioenergy sector is nowadays accepted as having the potential to provide 
the major part of the projected renewable energy provisions of the future. Nev¬ 
ertheless, it has to overcome several barriers, not only technological but also 
economic and of social perception, to obtain good political support and to be 
attractive as investment project [8]. Bioenergy in a global market, which covers 
the generation and use of biomass for heat, power and biofuels production, should 
still develop its specific regulation to control international and national trade, land 
use and the increase and development of this sector in general. It can be seen from 
different organisation reports, from IE A and EPRI for instance, that different 
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countries need common strategies to mitigate greenhouse gases emissions and to 
secure the energy supply by lowering the dependence on fossil fuels. Furthermore, 
it is estimated that the energy demand will be doubled by 2030, and the bioenergy 
sector plays a key role in the new energy generation paradigm, where the share of 
clean and renewable sources should be increased. It is then in this context where 
biomass is increasing its importance. 


2.2.1 Biomass: Tars Production and Reactor Suitability 

When regarding to biomass gasification, it is inevitable to tackle with tars and to 
think about small-scale gasification. As defined in [9], Tars are the organics 
produced under thermal or partial oxidation regimes of any organic material and 
are generally assumed to be largely aromatics’. Even though the tars tolerance of 
gasifier downstream units is subject of research, it can be stated through the 
experience that tars constitute a problem when the syngas is not simply burnt in a 
combustor. The handicap is mainly because of tars condensation before syngas 
use; because of their carcinogenic effects, they imply health damage to humans 
and generate environmental issues because of their disposal. A European tar 
protocol has been developed not only to assess a standard methodology for their 
measure, but also for characterising the quality of clean syngas, and the deter¬ 
mination of gasifier downstream technology contamination [10]. 

Tar avoiding passes through two methodologies. First, tar formation reduction 
in the gasifier itself; primary methods include adequate selection of main operating 
parameters (pressure and temperature), the use of a catalyst and specific design 
modifications (shape, dimensions, etc.). Second, tar removal from syngas; 
secondary methods imply hot gas cleaning downstream the gasifier by means of 
thermal or catalytic tar cracking, and as well as wet-scrubbing or mechanical 
methods using cyclones and filters. Sutton et al. [11] review the use of dolomite, 
alkali metals and nickel as catalysts, showing their suitability for hydrocarbons 
removal or production reduction through experimental analysis, whereas the work 
of Arena et al. [12] demonstrate that olivine is a good candidate for catalysed 
gasification, where the tar amount is highly decreased in the case of plastic wastes. 
An example of current research work in ECN (Energy research Center of the 
Netherlands) is the OLGA (OiL GAs scrubber) technology that contemplates 
the use of special scrubbing oils to remove tars from syngas. On the other hand, the 
challenge of all the actual small gasification pilot plants, that use biomass waste 
from rural areas, is to find an adequate design to produce a syngas free of tars, 
avoiding the syngas-cleaning process before the final application, thus gaining 
compactness and avoiding waste water treatment before final disposal. In short, the 
formation of carbonaceous materials (char or particle fines) and that of heavy 
compounds (tars) are strictly correlated to the fuel structure and composition. 

Waste gasification is not a wide commercial process because of the multiple 
composition options of the waste itself, and consequently because of the different 
amount of fly-ashes, tars, chloride and fluoride, ammonia and sulphur compounds 
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that can be present in the syngas. According to Mastellone et al. [12], among all 
gasification technologies applied for waste processing, fluidised beds are the most 
promising ones because of their operation flexibility for different oxidants (thus, for 
different fluidising agents), different temperature and residence time range. They 
also allow for catalyst addition. According to Highman and van der Burgt [2], low- 
rank coals and biomass are more suitable for fluidised beds, because of their ashes 
reactivity. However, biomass ashes have lower melting point, and in molten state 
have an aggressive behaviour with refractory material. The temperature required 
for complete gasification of both coal and biomass is of the same order. 

Concerning the gasification itself and the tars removal method, it is found that 
the most common type of process is the gasification with secondary methods of tar 
avoiding. Apparently, because of the low ashes melting point, an entrained bed 
gasifier looks very attractive to obtain a tar-free syngas, with less oxidant con¬ 
sumption. Nevertheless, because of the aggressive behaviour of ashes, a non¬ 
slagging process is recommended (except if the biomass is mixed with high 
amounts of other feeds, such as coal or petcoke). Moreover, entrained bed gasifiers 
require small particle diameter, however until now, there is no effective method for 
size reduction of fibrous biomass. Fixed beds, with no highly restrictive particles 
size, are extensively used for small-scale gasification of biomass waste applied 
successfully in rural areas [4]. 

In summary, ashes reactivity and tars formation are the main drawbacks in 
biomass waste gasification. The most extended bed for large-scale application is 
the fluidised one, whereas the most extended bed for small-scale is the fixed one. 
Entrained bed gasifiers are normally used when biomass is mixed with coal, for 
instance, and for large-scale applications. 


2.2.2 Co-Gasification 

Co-gasification can be defined as the ‘joint conversion of two carbonaceous fuels 
(one of them of fossil origin) into a gas with a useable heating value’ [13]. 
Therefore, renewable sources, such as biomass waste, allow reducing environ¬ 
mental and disposal costs, with no relevant efficiency reduction in the gasification 
process. As a practical example, as seen in chapter “Examples of Industrial 
Applications”, ELCOGAS power plant in Spain has demonstrated it by replacing a 
10% in mass of its main feedstock (a mixture of coal and petcoke) with biomass 
waste (olive pomace). 

It has been seen that a synergic effect is reached by the co-feeding, leading to 
better feeding properties that derive into carbon losses reduction and into syngas 
energy content increase. Even if these synergetic effects are far from being well 
understood, they can be defined as positive. Several authors have investigated 
different mixtures of fuels into pressurised entrained bed gasifiers. Fermoso et al. 
[14] demonstrate a synergic effect found in ternary blends of coal, petcoke and 
biomass (almond shells, olive stones and eucalyptus), where the ratio H 2 /CO 
decreases with the addition of biomass, and the carbon conversion as well as the 
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cold gas efficiency (CGE) increase. Binary blends of coal with different biomass 
show an analogous performance. Hernandez et al. [13] demonstrate experimentally 
that an increase in the proportion of biomass in the fuel blends (dealcoholised 
grape marc with coal-petcoke) results in an improvement of the gasification 
parameters (syngas composition and CGE). Mastellone et al. [12] at their turn, 
work with co-gasification in a fluidised bed using coal, plastic and wood, remark 
that it is crucial to choose the correct proportions of raw materials to achieve the 
desired requirements for the final syngas application. 

In conclusion, biomass waste use in co-gasification is not only an option for a 
final waste disposal or an option as a renewable source but also it implies better 
gasification results by improving gasifier efficiency and carbon conversion. 


3 Gasification: Modelling 


Even if a lot of work has been developed concerning gasification modelling, it is 
still a challenge. The model’s level of detail depends on the final purpose of the 
model itself and on the plant state (transient or stationary): The different modelling 
approaches range from the macroscopic level that encompasses thermochemical 
equilibrium approaches to the microscopic level incorporating chemical kinetics. 
In the first case, two different models are available: one where reactions are 
predefined and the other where only the chemical compounds considered in 
equilibrium are considered. In both cases, Gibbs’s free energy is minimised, but in 
the first it is restricted to the predefined chemicals reactions, whereas in the 
second, all possible reactions incorporating those compounds are considered. 
In addition to the kinetics, other transport phenomena can be included, particularly 
boundary layer or pore diffusion are of concern. In all cases, mass and energy 
balances must be followed. In this section, we describe the two approaches. 
Despite the fact that both of them have been implemented and validated, the 
equilibrium approach is the one selected for its incorporation into the super¬ 
structure in chapter “Modelling Superstructure for Conceptual Design 
of Syngas Generation and Treatment”, mainly because of its calculation time. 

Table 2 provides with a summary of possible literature gasifier models, 
showing the wide variety of models proposed, ranging from equilibrium to 
kinetics. As discussed earlier, the two possible equilibrium calculations are pro¬ 
posed (i) restricted by a predefined set of reactions or (ii) by a set of chemical 
compounds. Kinetics has fewer consensuses, and specific parameters are highly 
dependant on the reactor and feedstock type. The three types of gasifiers are well 
represented for both approaches. When the process dynamics is of concern, the 
kinetic model is the only option, given that equilibrium models cannot provide 
with a time-dependant response. An important aspect to consider for deter¬ 
mining the suitability of a model is the gasifier residence time. For large residence 
times, equilibrium models can be selected without hesitation, but in the cases of 
short residence times, the selection of a kinetic model must be considered. For the 


Table 2 Gasifier modelling review 

Source Raw material Gasifier type P (bar), T a (°C) Scale b Time Approach 

dependence 

Gautam et al. [19] Biomass Fixed 1, 800 Pilot-Small Steady Equilibrium chemical 

reactions 
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Nathen et al. [43] Coal Entrained n.s. c , 1,500 Large Steady Equilibrium chemical 

compounds 





Table 2 (continued) 

Source Raw material Gasifier type P (bar), T a (°C) Scale b Time Approach 

dependence 

Frey and Akunuri [44] Coal slurry Entrained 42, 1,260 Large Steady Equilibrium chemical 

compounds 
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kinetic approach, the particle level is of concern. The most extended approach is 
the unreacted core-shrinking model [15]. 

Another important parameter in both cases is the gasification temperature. 
Generally in all gasifiers, the controllable temperature is the gasifier outlet tem¬ 
perature, thus in lumped parameters models, it is generally adapted as the gasifier 
bulk temperature, even if the gasifier does not have one unique temperature (but a 
profile according to the different gasification zones). The approach of Ullmann’s 
[16] adjusts the gasification composition to real data, using the thermochemical 
equilibrium at a temperature that is not the actual gasification temperature. 

Ruggiero and Manfrida [17] stated that although the syngas composition is not 
perfectly predicted with the equilibrium approach, this approach allows for a fast 
and reliable method of syngas composition estimation when varying the gasifier 
inputs. Different sources, for instance, Uson et al. [18] or Gautam et al. [19], point 
out that at higher temperatures (more than 1,200°C approximately), the equilib¬ 
rium approach is more accurate; given that at low temperatures the reaction rate is 
smaller, and the residence time should be higher to reach the equilibrium. In spite 
of all these arguments, it is difficult to know at which residence time ‘the equi¬ 
librium is reached’: To answer such question, the only options available are to 
compare with kinetic model results or with experimental results. Only two of the 
studies revised tackles with the formation of tars during biomass gasification, the 
papers by Di Blasi [20] and Jan and Foscolo [21]. 

Two reactor models are discussed in this chapter; the first one divides the 
gasification process into several stages, studies gas-particle interaction and sim¬ 
ulates the final gas phase equilibrium. Thus, this model considers char formation 
dependant on the reactor conditions, and chemical kinetics. The second one 
considers the total conversion of the fuel and the final gas equilibrium through the 
minimisation of Gibbs free energy, at the gasifier temperature, restricted to a set of 
chemical compounds. The temperature in this case is determined by the heat of 
formation of the raw material and the cooling of ashes. The residence time of 
particles was calculated for our case study of a gasifier to infer the proximity of the 
system to equilibrium. 

The implementation of kinetic and equilibrium models using different process 
simulation environments is discussed in the next sections. 


3.1 Physicochemical Representation of the System 


One important aspect of modelling coal, petcoke, biomass and wastes is the dif¬ 
ficulty in finding appropriate models to represent and estimate their physico¬ 
chemical behaviour. Most simulation environments provide with the possibility of 
representing non-conventional chemical compounds, understood as those that do 
not have an integer molecular representation. 
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Typically, any of the above-mentioned raw materials can be represented with a 
molecular formula, such as C a HbO c NdS e (H 2 O) W A, whereas any treated-raw material 
would convert into CaH^OyN^SgA, where A represents the material’s ashes content. 

The materials enthalpy and density can be extrapolated from the ultimate and 
proximate analyses, for example, Aspen Plus® commercial simulator provides 
with such possibility by using the ULTANAL and PROXANAL properties for 
defining a non-conventional compound. 

Regarding the behaviour of the gas phase, an equation of state (EOS) is typi¬ 
cally selected from the wide variety of EOS that the Aspen One® software package 
provides. This selection is mainly driven by the possibility of estimating properties 
accurately near critical points. Typically, the Peng-Robinson EOS is selected. 


3.2 Chemical Kinetics Approach 

This approach is mainly based on the models developed by Wen and Chaung [15] 
and Govind and Shah [22] for the gasification of coal. Aspen Hysys® is the 
software selected for modelling the gasification of coal following the chemical 
kinetics approach. The described model has been developed in Perez-Fortes et al. 
[23], where not only the gasifier but also the entire IGCC superstructure is 
implemented in Aspen Hysys®. 

The proposed gasifier model encompasses a sequence of four main steps: 
pyrolysis and volatiles combustion, oxidation, gasification and gas equilibrium. 
The main assumptions are: 

• Steady state and one dimension. 

• Oxidation and gasification zones have uniform temperatures with adiabatic 
behaviour; consequently, the considered overall reactor is a non-isothermal 
reactor. 

• The fuel particle is of concern. The solid-gas reactions consider the unreacted 
core-shrinking model. Thus, chemical reactions occur on a spherical surface 
and are considered to advance from the surface till the particle’s core, without 
any release of mineral matter; which is considered as inert. The transport 
considerations comprise the chemical reaction itself, ashes layer diffusion and 
surface convection (from the inner to the outside face of the particle). Kinetic 
constants for solid-gas reactions have the following expression: 

1 _ i Y - i i 1 

k t ~h^ + ^r X k^ + Y%' (1) 

where k t is the specific reaction rate; h gas is the external convection 
coefficient; k ash is the ash film diffusion and finally, k q is the chemical rate 
constant (that follows the Arrhenius law). Y is a parameter function of the 
ratio between the particle and the core radius. 
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• Particles interactions are not considered. The temperature along the particle is 
uniform. 

• Solid and gas phases are assumed to be completely intermixed. Consequently, 
the approach contemplates the simulation of each reactor section using CSTRs 
in series, one tank for each step. 

• The chosen equation of state is Peng-Robinson (fairly used for hydrocarbons 
and light gases). 

Pyrolysis is the decomposition of the feedstock into solid (char) and volatiles, 
in absence of oxygen and because of the effect of the temperature. The raw 
material is represented with its molecular formula as previously described: 
C a HbO c NdS e (H 2 0) w A, whereas the produced char is represented as 
CaH^OyN^SgA. Both solids are modelled in the software as Hypo-Components, 
because the default options of Aspen Hysys® do not allow to handle with solids 
with such complex stoichiometry. The molecular formula of char is calculated 
based on experimental correlations from Balzioc and Hawksley [24], which state 
the total amount of volatiles released based on the reactor temperature and raw 
material volatile matter (proximate analysis). According to these authors, coal 
devolatilisation corresponds to a kinetic process of first-order. Loison and Chauvin 
[25] define volatiles composition based on experimental experiences. To ease the 
estimation effort and simplify the model, tars formation is considered as benzene 
production. However, other approaches could provide with a set of typical aro¬ 
matic compounds to be produced if data were made available. The generation of 
the acid and basic species (H 2 S, COS, NH 3 and HCN) is modelled with experi¬ 
mental correlations taken from [26, 27]. Equation 2 represents the pyrolysis step in 
general terms; however, a set of those reactions is coded for the production of 
benzene and acid and basic species. This above-mentioned set of reactions is 
introduced into Aspen Hysys® as a unit extension programmed in MS Visual 
Basic. The volatile species obtained at the end of this step are: CO, H 2 , CH 4 , C0 2 , 
C 6 H 6 , H 2 S, COS, NH 3 and HCN. 

C a H b O c N d S e (H 2 0) w A —> C a H^O y N d SgA + volatiles + wH 2 0 (2) 

Volatiles combustion is produced as the volatiles released in the pyrolysis step 
are placed in contact with oxygen. It is assumed that they are completely trans¬ 
formed to produce C0 2 and H 2 0. Equations 3-7 represent the main volatiles 
combustion. 


CO + 0.5O 2 -► C0 2 (3) 

H 2 + 0.5O 2 -* H 2 0 (4) 

CH 4 H- 20 2 -► C0 2 + 2H 2 0 (5) 

C 6 H 6 +7.50 2 -► 6C0 2 + 3H 2 0 (6) 

HCN + 1.250 2 -► CO 2 +0.5H 2 O + 0.5N 2 (7) 
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Oxidation or combustion refers to char combustion, and is considered to take 
place after the combustion of volatile compounds. It comprises a set of hetero¬ 
geneous reactions. This step comprises three main reactions of char with oxygen, 
steam and carbon dioxide (Eqs. 8-10), and it is considered to be complete when all 
the introduced oxygen is consumed. 

|-8^H 2 0 + eH 2 S+^2+A 

(8) 

CaHjgOyN^Sj-A + (oc — y)H 20 —-> ccCO + ^oc — 7 + — — H2 + eH2S + —N 2 + A 

(9) 

CaH^gOyKsSeA + aC0 2 —■* 2ccCO + yH 2 0 + — s — 7 ^ H 2 + 8 H 2 S + —N 2 + A 

( 10 ) 

These reactions are modelled in Aspen Hysys® using chemical extensions written 
in MS Visual Basic. The char that reacts in each Eq. 8, 9, 10 and 11 is calculated 
considering the variation of a parameter that depends on the reactor volume. 

Gasification follows the oxidation section and is considered to start with the 
depletion of oxygen in the gasifier. In this section, reactions (9) and (10) are also 
occurring and the produced hydrogen reacts with char as in Eq. 11. 


C a %OyN 5 S £ A + ( \ - \ + f - 2 ) ° 2 - «CO 


Co-H/jOyN^SjA + ( 2 cc + 7 + £ — ~ ) H 


ocCELi yH 2 0 T" aH 2 S —N 2 H - A 


(ii) 


This step is assumed to be finished when all char is consumed. 

As a final step, the final produced gas from the heterogeneous reactions, enters 
into an equilibrium reactor. This gas equilibrium is performed with three main 
reactions, Eqs. 12, 13 and 14. The equilibrium constants are extracted from Aspen 
Hysys (c) library. 


CO + h 2 o^- 

-+co 2 + h 2 

(12) 

ch 4 + h 2 o^- 

-^CO + 3H 2 

(13) 

cos + h 2 o^- 

-+h 2 s + co 2 

(14) 


Combustion of volatiles and combustion of char are modelled with a continuous 
stirred tank reactor (CSTR) with custom-made kinetics equations for the hetero¬ 
geneous solid-gas (SG) reactions (Eqs. 8, 9 and 10). The same is done for the 
gasification step (Eqs. 9, 10 and 11). One isothermal zone comprises volatiles and 
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VOLATILES CHAR CHAR GAS 

PYROLYSIS COMBUSTION COMBUSTION GASIFICATION EQUILIBRIUM 



HEAT BALANCE 


Fig. 2 Modelling blocks for the proposed chemical kinetics approach 


char combustion; the other one is for gasification. As an adiabatic reactor is 
considered, for this autothermal gasification process, all the heat released in the 
combustion is used for the gasification step. In Fig. 2, a simple outline of the 
different steps modelled and the heat integration consderation are represented. All 
heat streams are included in a balance unit, thus the heat is distributed from 
exothermic to endothermic reactors. 

Before leaving the gasification reactor, the syngas is sent to an ashes distri¬ 
bution model, which splits the solid stream into slag and fly ash, based on 
industrial data. This component splitter takes into account a base ashes compo¬ 
sition built on the same industrial data from ELCOGAS power plant. It has been 
considered that ashes are composed by metal oxide and heavy metals present at 
very low concentrations and as pure compounds. The most common type of ashes 
in a mixture of coal and petcoke is composed of A1 2 0 3 , Si0 2 , Ar, Cd, Pb and Hg. 
This model is introduced in Aspen Hysys® as a customer model, and the data come 
from the work developed in Jaume Almera Institute (CSIC, Barcelona). 


3.3 Equilibrium Approach 


As described in Borel and Favrat [28], a thermochemical equilibrium is a stable 
state that can be determined by thermodynamic methods, not being necessary a 
detailed knowledge of the reaction mechanisms. As seen in Table 2, one of the 
most extended approaches is the equilibrium minimising Gibbs’s free energy, by 
taking into account the final species composition. 

The equilibrium constant K eq is given by the following expression, for a generic 
reaction and assuming ideal-gas behaviour: 

clA -|- bB > cC -f- dD (15) 


K* q = 


Pc 

Pa x Pb 


yC W yd 

X C A X D x p{c+d-a-b ) 

yd y yb 

A,A A 


(16) 
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f{T) = log (K eq ) = ^ 7 ^ x log T + U x T + k 5 x T 2 (17) 

For the case of a reaction such as Eq. 15, K eq can be expressed as a function of 
partial pressures or mole fractions as shown in Eq. 16, where P is the pressure at 
which the reaction takes place and T is the temperature. Typically, K eq can be 
calculated as in Eq. 17 as a function of the absolute temperature in Kelvin; k n are 
particular constants for each reaction. 

Equation 16 expresses the equilibrium composition dependence on the systems 
pressure and on the reactants and products mole number. If the numbers of moles 
on the right-hand side and on the left-hand side are identical, then the total 
pressure does not have influence on the reaction final composition. The Le 
Chatelier’s principle provides with a general overview of the gasification reac¬ 
tions, as equilibrium reactions, where if some factor of the system (pressure, 
temperature, volume or partial pressures) changes, the system progresses to 
counteract this change, and a new equilibrium is established at other conditions. 
For example, in an endothermic reaction, if the temperature is increased, the 
reaction tends to react to the products side. Or if the total pressure increases, the 
partial pressures of the individual gas species increase, and the global system tends 
to shift the reaction to the side with fewer number of moles. 

Gasification reactions can be described by many different equations but they may be 
limited to a certain number of representative expressions since the reaction enthalpy of 
some of them can be derived by combining those representative ones. To calculate the 
heat streams associated with them, that is the integration between endothermic and 
exothermic reactions, a limitation to certain characteristic reaction groups is enough, 
because the reaction enthalpy of all other reactions can be derived by combining these 
basic equations. The most characteristic reactions are reactions with oxygen, reactions 
with steam, reactions with carbon dioxide and hydrocarbon decomposition, as in the 
kinetics approach. The most characteristic gasification equations are given in 
Eqs. 18-27. Next to each reaction, the gas mole difference between products and 
reactants is indicated. Note that even though raw material composition contains C, H, 
O, N, S and Cl, main reactions only involves C as reactant (as a big difference with the 
previous approach, which counted with the molecular formulation of the solid feed¬ 
stock). Equations 18-20 correspond to combustion; Eq. 21 is the Boudouard reaction, 
Eq. 22 is the primary and Eq. 23 is the secondary water-gas shift; Eq. 24 is the water- 
gas shift reaction with only gas species, and Eq. 25 is the methanation reaction. 
Equations 26 and 27 correspond to steam and dry reforming. As reactions with oxygen 
are complete under gasification conditions, the main final composition influence comes 
from Eqs. 21-25 considering equilibrium [14]. 


C + 0.5O 2 ^ CO A n = 0.5 
CO + 0.5O 2 <-► C0 2 An = -0.5 
H 2 +0.5O 2 ^ H 2 0 An = -0.5 


(18) 

(19) 

( 20 ) 
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C + CO 2 ^ 2CO A/i — 1 

(21) 

C + H 2 0 <-> CO + H 2 An = 1 

(22) 

C + 2H 2 0 <-> C0 2 + 2H 2 An = 1 

(23) 

CO + H 2 0 C0 2 + H 2 An = 0 

(24) 

C + 2H 2 CH 4 An = -1 

(25) 

CH 4 + H 2 0 CO + 3H 2 An = 2 

(26) 

CH 4 + C0 2 — 2CO + 2H 2 An = 2 

(27) 


For these different equilibrium reactions, a compilation of the equilibrium 
constant values as well as their dependency with temperature at 25 bar is provided 
in Table 3. Gasification temperatures of 800-1,800°C are considered. The values 
are extracted from Aspen Plus® through a REquil reactor. 

Equations 18, 19 and 20 that have oxygen as a reactant are exothermic. 
Equations 24 and 25 are also exothermic. As mentioned earlier, and according to 
the Le Chatelier’s principle, K eq decreases because the reaction tends to move 
towards the reactants side. The contrary behaviour is seen in endothermic reac¬ 
tions, where as the temperature increases, they tend to react towards the product 
side, thus diminishing K eq . Higher values of K eq , for instance, in Eq. 18, implies a 
higher predilection for the reactants side than lower values of K eq , as in Eq. 24, 
which are highly displaced to the products side. 


3.3.1 Residence Time Considerations 

As mentioned earlier, one important assumption here is that the residence time is 
high enough to reach the equilibrium. As it is reached, the highest possible con¬ 
version is obtained. Nevertheless, if time is too short, this lack of time can be 
compensated by higher gasification temperatures. 

One possible way of estimating the residence time in a reactor is the meth¬ 
odology based on Chap. 4 of Kunzing [29], which follows the principles of gas- 
solid pneumatic transfer. The residence time ( t r ) calculation is the result of a 
particle force balance taking into account the effect of weight (gravity force g ), the 
drag force (the drag component is the aerodynamic force component parallel to the 
gas flow) and the solid friction loss. In vertical transport of solids, like in an 
entrained bed gasifier, the gas velocity is reduced to the velocity of the transport of 
solids, decreasing consequently the pressure drop. The overall pressure drop is 
calculated as the contribution of the static, frictional and acceleration contribu¬ 
tions. The particle velocity (U p ) is of concern, and can be assumed as the velocity 
of transport fluid without particles (U g ) minus the terminal velocity (I/ t , which is 
the reached velocity when the drag force is equal to the weight of the particle 
minus the buoyant force). Finally, the residence time is given by the length of the 
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Table 4 Input data to 
calculate the residence 
time and the reactor 
pressure drop 

d p (m) 

^reactor (ni) 

L(m) 

U g (m/s)* 

5.5 x 10- 5 
3.8 

60 

8 


Particles inlet mass flow (kg/s) 

21.15 


p p (kg/m 3 )* 

1,200 


p f (kg/m 3 )* 

1.2 


Inlet gas P (N/m 2 ) 

3.333 x 10 6 


^(Pa x s)* 

1 x 10" 5 


Specific data from the model* are taken from Chap. 4 of 


Kunzing [29] 


reactor (L) divided by the particle’s velocity (C/ p ). The necessary inputs are shown 

in Table 4, where p p and p f are the solid and the fluid densities, D p 

is the particle 

diameter and p f is the fluid dynamic viscosity. The representative equations for the 
residence time calculation for this particular case of study are 28, 29 and 30. 


0.153 x g 0 - 71 x -Dp 14 x (p p — p f ) 0 ' 71 

(28) 

Ut 

pf 29 x pf 42 


1 

II 

(29) 


L 2 

T v = — * k a sh = h g as * e p .5 

U P 

(30) 


Otherwise, in the calculation following Chap. 4 of Kunzing [29] methodology, 
the residence time becomes the objective. The superficial gas velocity is assumed 
to be 8 m/s, being in dilute phase regime. For the sake of simplicity, the solid is 
considered as coal and the fluid as air. In that case, the residence time is about 
7.7 s. On the other hand, the reactor pressure drop is evaluated. Here, the voidage 
and solid and gas friction factors are of concern (see Chap. 4 of Kunzing [29] for 
further detail). The result is a pressure drop of about 1 x 10 -2 bar, thus, negli¬ 
gible. In the validation section, this residence time obtained at the specific assumed 
gasifier temperature is checked if sufficient for the equilibrium approach. At this 
point, we can conclude, as have been discussed before, that gasification equilib¬ 
rium approaches are more suitable when higher temperatures are of concern. 


4 PRENFLO Gasifier Model 

We follow the syngas generation section with the description of the two approa¬ 
ches, but focussing on the second one, because it is the one used in the super¬ 
structure. The first one has been modelled in Aspen Hysys®, whereas the second 
one in Aspen Plus®. Related to this second approach, there are other hypotheses to 
be considered: 
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• The equilibrium approach through minimisation of free Gibbs’s energy is 
chosen here to model the pressurised entrained flow (PRENFLO) gasifier. 

• Tars and synergetic effects are not considered. 

• There is no presence of char in the outlet of the gasifier. 

• When processing biomass, no pre-treatment limits exist because of its fibrous 
nature. 

In our modelling approach, the syngas is treated to produce electricity in an IGCC 
power plant. Aspen Plus® is the chosen commercial software to perform not only the 
gasifier but also all the power plant model. The gasification block comprises the 
gasifier itself and the waste heat boiler (WHB), which is the syngas cooling system 
before gas-cleaning units (see chapter “Main Purification Operations”). Before the 
gasification process itself, the feedstock must be conditioned to meet the gasifier 
requirements. The physical property method chosen to calculate thermodynamic and 
transport properties of the streams is the Peng-Robinson EOS with the Boston- 
Mathias alpha function (PR-BM) for the above-mentioned units. This equation of 
state is recommended to model gas phase systems at high-medium pressure. 

As already mentioned in Sect. 2.1, the particle size of an entrained bed gasifier 
should be in the order of microns. The feedstock dust preparation comprises prin¬ 
cipally a drying and a grinding step. Other pre-treatment options account for raw 
material properties enhancement, such as pyrolysis and torrefaction that improve the 
lower heating value (LHV) of the mixture, which are not taken into consideration 
here. Solid inlet stream is modelled in Aspen Plus® as an addition of non-conven- 
tional streams, which is the specific manner how the software handles with solids (see 
Sect. 3.1). The composition of the base case , to calibrate and to validate the model, is 
the design composition of ELCOGAS power plant: 50% of coal and 50% of petcoke 
on a mass basis. Coal and petcoke comes from local industries close to the plant: 
ENCASUR mines and Puertollano REPSOL refinery, respectively (see chapter “ 
Examples of Industrial Applications”). The coal is of sub-bituminous type, with high 
ash content. The petcoke is obtained as a by-product in the refinery, with high sulphur 
content. The biomass wastes considered here are olive pomace or orujillo and forest 
wood residues, which are abundant waste resources in Spain as already mentioned in 
chapter “Raw Materials Supply” . Table 5 shows the main data concerning feedstock 
composition. The higher heating value (HHV) is considered as the calorific power to 
be used in the modelling because it is the value considered by the simulator. Prox¬ 
imate and ultimate analyses are reported on a dry basis, except for the moisture 
content. In addition to the main feed composition, limestone is added to the gasifier as 
a catalyst to decrease the ash fusion temperature. The composition of the limestone is 
about a 95% of CaC0 3 and a 5% of ashes. It is approximately 2-3% in weight of the 
total feedstock stream introduced in the system. The model allows for ternary blends 
(coal-petcoke-waste) mass composition changes through a FORTRAN code, 
introduced in the model as a calculator block. It calculates the ultimate and proximate 
analyses of the mixture, as well as its HHV, based on each feed proportion. The 
maximum flowrate is 2,600 ton/day that corresponds to a 100% of the gasifier load. 
The already-mentioned FORTRAN code allows for load variations. 
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Table 5 Raw materials ultimate and proximate analyses [6, 45] 


Percentage mass basis (dry) 

Coal 

Petcoke 

Orujillo 

Ultimate analysis 

C 

41.07 

88.40 

50.00 

H 

2.81 

3.34 

6.50 

O 

7.51 

0.02 

36.30 

N 

0.92 

2.04 

0.80 

S 

1.05 

5.91 

0.10 

Cl 

0.04 

0 

0.2 

Proximate analysis 

Moisture 

11.80 

7.00 

7.60 

Ashes 

46.60 

0.28 

6.30 

Fixed carbon 

32.05 

85.74 

21.3 

Volatiles 

21.35 

13.98 

72.4 

HHV dry (MJ/kg) 

13.58 

32.65 

20.38 



Fig. 3 Feedstock conditioning step 


The three main steps in the feedstock dust preparation block are summarised in 

Fig. 3 and described as follows: 

- Dust preparation. It takes place in a crusher unit that allows for particle fine¬ 
ness change from 100 mm to about 50-60 pm. Additional information to be 
introduced is the mixture’s grindability, characterised by the Bond work index. 
This is calculated in a calculator block using a FORTRAN code and taking into 
account the mass proportion of each component. Bond index values are 
73.80 kWh/ton for petcoke and 11.37 kWh/ton for coal. For the orujillo and the 
forest wood residues, the same value than the one for coal is considered. For the 
limestone, because it does not appear in the consulted database, the dolomite 
index has been chosen, being 11.31 kWh/ton [30]. 

- Fuel drying. It considers two reactors: the combustion chamber, where hot 
gases are generated, and the dryer itself, where the feedstock stream is dried till 
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GASIFIER 



Fig. 4 Gasifier and WHB 


the desired humidity by gas-solid contact. The combustor is simulated using a 
Gibbs’s reactor, where natural gas is burnt with excesses of air. The stoichi¬ 
ometric value of air is calculated using the property set COMB-02 from Aspen 
Plus®, and introduced in a calculator block. It operates at 0.9396 bar, with a 
temperature estimated as a fraction of the flame temperature. The dryer is 
modelled with a stoichiometric reactor with the feedstock as the limiting 
reactant to achieve a final moisture content of 2% on a mass basis. 

- pressurisation and feeding. Once the feed is dried, it goes to the bag filters to be 
separated from the inert gas before entering the gasifier. These filters are 
simulated as a flash separator. Then, the feed is pressurised till 30 bar inside the 
lock hopper system. This system is simulated in a simple way as a mixer, 
considering the mixture of the powdered fuel with pure N 2 . 

The gasifier is based on the gasifier from ELCOGAS IGCC power plant, from 
Krupp-Koppers. Its input and output data have been used to calibrate the model. 
Gasifier operating conditions, pressure and temperature (P gasif and r gasi f) are 
mainly driven by the gas turbine (GT) and ashes melting point, respectively. In this 
case, the GT pressure settles the gasifier pressure into 25 bar. According to EL¬ 
COGAS operating conditions, r gasif is approximately between 1,400 and 1,500°C 
for coals, depending on the limestone content. In the model, this temperature 
interval is established as a condition in gasification when the raw material com¬ 
position is changed. Specifically, a temperature of 1450 °C is fixed as a design 
specification in Aspen Plus®. As seen in Fig. 4, inputs to the gasifier are the 
feedstock powder, oxygen from the air separation unit (ASU) as main gasifying 
agent, intermediate pressure (IP) steam (as moderator and gasifying agent) and N 2 
(as moderator). 

The WHB is the group of heat exchangers that profit the syngas heat that is 
released before the gas-cleaning units (see Fig. 4). This syngas cooling process is 
modelled in Aspen Plus® taking place into two main steps: First, gasification gases 
are cooled down with the quench gas, which is a fraction of syngas recycled for 
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FEED DECOMP 
- RYield 



Fig. 5 Gasifier modelling approach 


this purpose. The temperature is reduced till 850°C, which is the limit of the heat 
exchangers material [6]. The syngas goes out of the gasifier at around 1,450°C, and 
the quench gas is at 235°C. Second, the WHB profits the gas heat in a high 
pressure (HP) heat exchanger, cooling the gas down till 370°C and generating HP 
steam. Then, the gas moves to an intermediate pressure (IP) heat exchanger that 
cools the gas till 235°C, generating in this way IP steam. After this step, the 
quench gas is recycled to be mixed with the syngas at the outlet of the gasifier. The 
quench gas flowrate is determined by a FORTRAN block (a design specification 
block) that adjusts the temperate to 850°C. 

The gasifier equilibrium approach as modelled in Aspen Plus® can be seen in 
Fig. 5. The gasification process itself (the equilibrium approach) only takes place 
in the RGibbs reactor. As the feedstock stream is introduced as a non-conventional 
component, before being introduced into the Gibbs reactor, it should be divided 
into its elements, because there is no Gibbs’s energy information for a non-con- 
ventional component. Therefore, before the gasifier equilibrium, a yield reactor is 
used to decompose the raw material into C graphite , H 2 , 0 2 , N 2 , S, Cl 2 , H 2 0 and 
ashes according to its ultimate analysis and moisture content from the proximate 
analysis. As the ultimate and proximate analysis of the feedstock dust are of 
concern, previously to the RYield, a separator component is introduced to separate 
the feedstock dust from the N 2 and the limestone introduced in the feedstock 
system, which is latter introduced into the Gibbs reactor. The r gasif is estimated by 
introducing into the Gibbs reactor the heat of reaction associated with the feed¬ 
stock stream decomposition and the heat released into a component separator that 
aims at purifying the raw syngas produced from solids (ashes and limestone, 
named Slag in Fig. 5), named as Q Reaction and Q Slag in the same figure. 
According to the gasifier Gibbs’s model, all the inlet carbon is converted, thus, for 
practical purposes, all the char is converted. 

Oxygen, steam and nitrogen are also introduced into the Gibbs’s reactor. 
Oxygen and steam flowrates are estimated by specific ratios that depend on raw 
material composition according to their ultimate analysis characteristics. The 
oxygen ratio is defined as the relation between the oxygen flowrate divided by the 
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stoichiometric oxygen needed to completely oxidize the raw material mixture after 
the decomposition into its components on a mole basis (calculated through the 
property set COMB-02 [31]). This ratio is commonly known as equivalence ratio 
(ER). The steam ratio is defined on a mass basis and has as denominator the mass 
flow of C graphite . The ER value for the base case is 0.42 and the value for the steam 
ratio is 0.16. They have been estimated by adjusting the gasification temperature to 
1,450°C, and according to ELCOGAS input conditions, respectively. 


4.1 Calibration and Validation 

For the gasifier model calibration , as well as for calibrating the entire super¬ 
structure, real ELCOGAS power plant working conditions have been considered. 
The objective is to reach the closest model outputs to real data, maintaining certain 
model independency from the ELCOGAS conditions, and thus maintaining the 
sensitivity to raw material and operating conditions variations. This problem is 
further discussed in chapter “Industrial Data Collection” under the data recon¬ 
ciliation section. Different model variables are suitable for calibration, such as raw 
material, proportions and proximate and ultimate analyses, HHV, grindability and 
solid’s particle size distribution (PSD) that can be adapted to other specific case 
studies. 

In this model’s feedstock dryer, the required natural gas and air are settled as 
constant values depending on the gasifier load, and as 1.2 times of the necessary 
stoichiometric oxygen, respectively. Global mass flowrate, gasifier load and 
limestone proportion can be changed freely in a calculator block. The ER and the 
steam ratio can be adapted to different specific feedstock requirements. Throughout 
all the cases proposed and studied in this book, the gasifier operating temperature is 
maintained constant (see chapter “Selection of Best Designs for Specific 
Applications”). 

Validation is done through syngas composition comparison with the actual 
composition obtained by ELCOGAS, and the Gibbs’s equilibrium approach. The 
required information is gathered through sensitivity analysis and compared to 
bibliographic and plant-operating data. 

First, the entrained bed gasifier being modelled produces a syngas that consists of 
21% of H 2 , 60% of CO, 4% of C0 2 , 3.5% of H 2 0,1% of H 2 S, 10% of N 2 and the rest 
of COS, on a mole basis at the above-mentioned conditions. The model syngas flow 
counts on a 20% of H 2 , 58% of CO, 4.5% of C0 2 , 5% of H 2 0,1% of H 2 S, 11% of N 2 
and the rest of COS, on a mole basis. It can be seen that compositions are close to 
each other and that the equilibrium model closely predicts the plant composition. 
Concerning the residence time, it can be said that according to the syngas compo¬ 
sition, for this type of gasifier and these specific conditions of temperature and 
pressure, 7.7 s allows for a syngas close to the equilibrium composition. 

Second, the results of the work of Fermoso et al. [13] and Hernandez et al. [14] 
are used to validate the Gibbs’s equilibrium approach. The first work is used to 
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0 2 /C in 


Fig. 6 Effect of r gasif (°C), 0 2 /C in , H 2 0/C in in the syngas composition (mole/mass basis); daf 
dry and ash-free basis. Filled symbols represent the data from [14] 

compare the gasifier behaviour as input parameters variations, whereas the second 
one is used to evaluate the effect of biomass addition to the base case blend. 

Validation with Fermoso et al. [14] implies the adaptation of the gasifier model 
conditions to their working conditions, i.e., the gasification of coal is considered 
and the steam and oxygen flowrates have also been adapted, as well as the pos¬ 
sibility of reactor heating by dropping the adiabatic assumption. Simulation results 
as the gasification temperature, the oxygen ratio and the steam ratio vary are 
represented in Fig. 6. Analogous trends to the ones reported in Fermoso et al. [14] 
are found. Nevertheless, absolute composition ratios for the syngas composition 
are approximate, but this was expected according to Fermoso et al. [14] because 
temperatures are not high enough for the equilibrium approach to be used. Related 
with the gasifier temperature effect, H 2 and CO formation is favoured when the 
temperature increases, whereas CH 4 remains quite constant and C0 2 concentration 
decreases. The former syngas behaviour might be the result of first, a temperature 
increase that leads to K eq decrease in all exothermic reactions, diminishing the 
composition of C0 2 , and second, endothermic reactions are enhanced, increasing 
the composition of H 2 and CO. Oxygen ratio increase at constant temperature 
leads to the decrease in H 2 and CO formation and increase in C0 2 formation (as 
the oxidation reactions are shifted towards products). In the same way, as the 
steam ratio increases, the H 2 formation is enhanced (according to Eq. 22) as well 
as the C0 2 one, whereas occur the contrary to the formation of CO. The most 
affected equation is then Eq. 23. 
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Fig. 7 Effect of biomass addition in syngas composition and CGE. Filled symbols represent the 
data from [13] 


Figure 6 shows that at lower reactor temperatures, gasification reactions occur at a 
too slow velocity (because endothermic reactions should be motivated) with little 
practical value, given that for syngas applications CO and H 2 production is preferred. 
Nevertheless, for power production purposes, CH 4 is the one that offers a higher 
calorific value. Regarding the latter, high values of methane are related to low gasi¬ 
fication temperatures, and reforming reactions (Eqs. 26 and 27) take place at relatively 
low temperatures as seen in Fig. 6 with CH 4 the most stable component along the 
performed analysis, but showing higher values at lower ratios. Overall, at lower 
temperatures of gasification, the LHV of the gas is higher but, for syngas applications, 
it is not the optimal composition. Even more, higher char conversions are linked with 
higher temperatures. At too high temperatures, gasification products start to combust. 

According to the work of Hernandez et al. [13], more sensitivity analyses have 
been performed with the aim of evaluating the behaviour of biomass blends, with 
regard to representative syngas composition ratios, H 2 /CO, CH 4 /H 2 , H 2 /C0 2 and 
CO/C0 2 , absolute composition in mole basis, and the CGE (Eq. 31). In this case, the 
ELCOGAS PRENFLO gasifier conditions have been maintained (thus, the gasifi¬ 
cation temperature is around 1,400°C). See in Fig. 7 the obtained plots. It is worth 
noting that our results show different tendencies with the temperature increase in 
syngas composition and CGE, except for H 2 composition. The main reason for the 
discrepancies should be given to the fact that co-gasification synergies are not 
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quantified. Besides, regarding the values of our model, not only the tendencies but 
they are also higher than the values reported in Hernandez et al. [13]. All in all, the 
addition of biomass enhances the production of H 2 , but leads to lower CGE (that 
means that the LHV contained in the raw gas is smaller). Regarding the syngas 
composition, the increase of biomass proportion implies less CO and more C0 2 . 

This calibration and validation procedure shows that an equilibrium reactor is a 
suitable approximation for the PRENFLO gasifier behaviour under the considered 
working conditions. It is also a good approximation for the biomass gasification at 
high temperature, even though tars are assumed to be zero. Nevertheless, the co¬ 
gasification scenarios are not well described, because the synergetic effect between 
the species is not modelled. Research on this matter is needed to try to characterise 
these effects. 


4.2 Results 

We have considered the performance of the gasifier for the base case feedstock 
composition carrying out different sensitivity analyses (SA) that take into account 
variations in the gasifier temperature and pressure, as well as in the ER and steam 
ratio. Also feedstock variations have been considered to analyse the reactor 
equilibrium behaviour. General output parameters that have been plotted for all the 
SA are the syngas composition and the cold gas efficiency (CGE) defined as per 
Eq. 31 . As it is seen from the equation, if the feed does not vary, the CGE varies 
according to the LHV rg obtained. 



(31) 


TTtfeed ^ LHV feed 


LHV fuel = u’j x LHV; 


(32) 


The CGE is calculated as the ratio between the chemical energy contained in 
the raw gas (rg), as the syngas is called as it comes out from the gasifier, and the 
total chemical energy contained in the fuel, both of them measured through their 
LHV. In the case of fuel blends, the LHV fue i is calculated as the contribution of 
each ith fuel to the final blend, on a mass basis (w;) (Eq. 32). The estimation of 
LHV rg is performed in Aspen Plus® using the QVALNET property set. 

The considered flowsheet contemplates the feeding system with the gasifier 
itself as modelled in our approach calibrated with ELCOGAS data. First (case 
SA 1), variation of r gasif effects is shown in Fig. 8. As stated in Highman and 
van der Burgt [2], the gasification temperature range is between 800 and 
1,800°C. It is seen from the first graph that syngas composition varies consid¬ 
erably till around 1,000°C, and then, the proportions of H 2 , CO, CH 4 and C0 2 
are noticeably constant. Nonetheless, C0 2 and CO show certain variability, the 
first one decreasing and the second one increasing. As seen in the plot of the H 2 / 
CO value, variation of T gasif leads to a variation of the two main syngas 
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Fig. 8 SA 1 : Effects of r gasif variation 
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Fig. 9 SA 2: Effects of P gasif variation 

components that favour the decreasing of H 2 proportion and the increasing of the 
CO, as stated before; thus, the ration decreases. Because from around 1,000°C 
again, the CGE shows a positive trend (from 68 to 74%), even if it is fairly 
constant. It means that as the LHV feed is constant, the LHV rg is the one that has 
the positive trend. It is directly seen too the influence of the higher calorific 
value of the CO than that of the H 2 . 

SA 2 corresponds to R gasi f variation. It leads to a r gasif variation of around 2°C 
(from 1,489°C at the lowest pressure considered, 1 bar; till 1,487°C at the highest 
pressure taken into account, 55 bar), not plotted in Fig. 9. The range of values 
considered is based on literature gasification plants (independently of the type of 
reactor) working pressure, which at its turn and as commented in previous sections 
is normally based on requirements of the process downstream the gasifier. 

The effect of the pressure is small if compared with the effect of the temper¬ 
ature; it is possible to distinguish a trend of the values, but changes in composition 
and in H 2 /CO and CGE are negligible. According to Sect. 3.3, only Eq. 24 has a 
zero in mole increment. However, it is possible to say that in the pressure range 
established the pressure effect is not noticeable, even for the reactions whose mole 
increment is different from zero. 

SA 3 corresponds to ER variation (see Fig. 10). The ER range has been defined 
according to the base value determined for the base case. This scenario has an ER 
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Fig. 10 SA 3: Effects of ER variation 


of 0.42. To start with, the oxygen ratio has been varied in an interval of ±30%. 
Then, this ratio has been reduced to be focused in the gasification area that has 
been enclosed to the interval where methane production is low (high methane 
composition correspond to pyrolysis) and sulphur oxides production does not 
appear (oxides different from carbon leads to think about combustion; ER = 1 is a 
complete combustion). It fairly corresponds to the gasification temperature range 
commented before, between around 800 and 1,800°C. Finally, the ER range 
oscillates between 0.4 and 0.55. If representing the whole range of results (±30%) 
for ER between 0.29 and 0.55, it is seen that there is a significant change in syngas 
composition around ER = 0.33. 

As seen in Fig. 10, and in the H 2 /CO behaviour, there is a maximum in H 2 
production around ER = 0.46. The C0 2 production tends to increase with an 
increase in inlet oxygen (thus, Eqs. 15, 16 and 17 are of concern). As in all the 
other SAs, methane is quite constant. The CGE tends to decrease as the ER 
increases, because of the C0 2 increment, and CO decreases. 

SA 4 corresponds to steam ratio variation. It varies between 0.15 and 0.4, 
according to ELCOGAS real experiences. The main role of the steam is as a 
temperature moderator. It is seen in Fig. 11 that the gasification temperature 
diminishes as the ratio increases. With the decrease of temperature, contrary at 
what has been seen in Fig. 8, CO diminishes and C0 2 increases. Hydrogen also 
increases, as the temperature is lower. The CGE is quite constant, but the H 2 /CO 
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Fig. 11 SA 4: Effects of steam ratio variation 


ratio increases. In endothermic reactions, according to what it has been discussed 
in Sect. 3.3, as the temperature decreases, tends to react to the reactants side, thus 
being Eqs. 22 and 25 of concern, where as the temperature increases, they tend to 
react to the reactant side. 

SA 5 leads with variations in feedstock composition. A certain amount of 
petcoke is added to the coal according to the percentages seen in Fig. 12. As the 
proportion of petcoke increases, as it has a LHV higher than coal, the r gasif 
increases. It implies a higher LHV rg , therefore, the CGE increases with the per¬ 
centage of petcoke. CO composition is the one that experiments the highest change 
in tendency, increasing a 20% in the interval of study. H 2 increases, as well as 
C0 2 . O/C and H/O are the ratios derived from the feedstock inlet composition. 
Higher values of C (lower O/C) imply higher values of calorific power. The same 
as H/O increases. 

In summary, as seen in this results analysis, the P gasif has a minimal influence in 
the final syngas parameters. Assuming a gasification reactor where only T gasif is 
changed (when it is heated externally), it seems that the syngas composition leads 
to a more or less ‘fixed composition’, where increasing the temperature does not 
imply better results. On the contrary, if the temperature is increased because more 
oxygen is introduced, in the gasification zone, H 2 tends to decrease, whereas C0 2 
tends to increase. Steam ratio increase leads to a gasification temperature decrease. 
H 2 /CO is favoured. The final gas composition depends on the relations between 
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Fig. 12 SA 5: Effects of feed composition variation 


carbon, oxygen and hydrogen from the feedstock composition, because T gasif and 
the mass balance are influenced. Equations 18-24 are the most important, being 
the equations that imply CH 4 less significant because in the gasification zone, the 
methane value is very low. 


5 Conclusions 


In this chapter, the equilibrium model minimising Gibbs free energy is used to 
simulate the performance of a PRENFLO gasifier with r gasif 1450 °C, P gasif 25 bar 
and residence time 7.7 s. The model has been validated with ELCOGAS plant 
data, showing acceptable agreement. This chapter highlights that the model fitting 
is highly dependant on the specific gasification conditions, better at higher tem¬ 
peratures and/or longer residence times, as well as dependant on the raw materials 
introduced in the reactor. In this view, if co-gasification with biomass is of con¬ 
cern, tars and synergect effect should be known to adequately represent the gas¬ 
ification behaviour of temperature, pressure, ER, steam ratio and feedstock 
composition are studied. Feedstock composition is the most influential parameter. 
Reactor pressure and temperature are fixed by the final syngas application and the 
ashes melting point, respectively. That is why in the following chapters, the SAs 
are performed by varying the ER and the steam ratio. The desired gasifier tem¬ 
perature is obtained by adjusting the ER ratio in each case (thus, playing with 
exothermic and endothermic reactions). 
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